Abstract-Raman assistance is one of the most interesting routes toward extending the range of Brillouin optical timedomain analysis (BOTDA) systems. Unfortunately, the use of Raman amplification normally entails an important relative intensity noise (RIN) transfer toward the probe wave, which severely limits this approach. In this letter, we show that the RIN transfer problem can be effectively avoided using a slightly modified scheme comprising a dual-sideband modulated probe and balanced detection. Our measurements clearly indicate a nearly complete cancellation of the RIN noise in the detected trace signal. The use of balanced detection in our Raman-assisted BOTDA setup implies a fivefold increase in figure of merit compared with the same setup using conventional detection.
I. INTRODUCTION

B
RILLOUIN-BASED distributed temperature and strain fiber sensors have become strong competitors of traditional multi-point sensing systems, generating a remarkable interest for several industrial applications. Specifically, Brillouin Optical Time Domain Analysis (BOTDA) systems are increasingly used in monitoring large civil structures, such as dams, electrical grids, bridges, railways, etc.
Of course, a huge research effort is invested on extending the measuring range of these sensors. In order to do so, it is needed to increase the signal-to-noise ratio (SNR) of the system, especially when measuring in the far end of the fiber. In the past few years, several techniques have been applied trying to achieve such goal [1] - [3] .
One widespread solution is the use of Raman assistance, either using first-order pumping [4] or second-order pumping [5] . Raman amplification renders a distributed gain along the fiber that allows to partially compensate the inherent fiber losses. This way, the typical exponentially decaying response of the system is avoided, and a sufficient SNR throughout the system is kept. Nacional de I+D+i under Project TEC2012-37958-C02-01 and Project  TEC2012-37958-C02- Despite the several advantages Raman assistance provides, it also brings Relative Intensity Noise (RIN) to the detected signal, mostly if Raman Fiber Lasers (RFL) are utilized as pumps. The spectral characteristics of the RIN introduced by the RFL is related to the resonance frequencies of the internal cavities of this type of lasers (see ref [6] and references therein). RFLs entail a relevant trade-off: they provide high power levels allowing large amplifications but also adding an important amount of RIN to the detected probe signal.
Recently, the use of balanced detection (BD) in BOTDA was demonstrated to increase the SNR of the signal by a factor of √ 2 [7] . It was also shown that a strong robustness to the deterioration of the extinction ratio of the pump pulse could be achieved.
In this letter, we demonstrate the use of BD in first-order Raman assisted BOTDA. We show that, on top of the already demonstrated advantages of BD, this scheme allows effectively canceling the RIN transfer, thus improving the overall sensor characteristics.
II. EXPERIMENTAL SETUP
The heart of the method proposed here lies in the use of a balanced detector. In BD, a receiver featuring two well matched photodiodes is employed. Two light beams are fed into the corresponding photodiode and the obtained currents are subtracted. Ultimately, the remaining current difference is amplified through a trans-impedance amplifier. This technique conventionally allows for the detection of small signal variations over substantial DC levels.
In order to apply BD to BOTDA systems, the probe signal is modulated with an amplitude modulator to obtain two symmetric sidebands at ±ν B with respect to the pump pulse frequency. Thus, stimulated Brillouin scattering (SBS) will amplify the lower frequency sideband and attenuate the higher frequency one. In detection, the sidebands are spectrally separated and fed into each detector of the BD. In typical conditions (when an external Mach-Zenhder electrooptic modulator is employed) the power of both the Stokes and Anti-Stokes bands is the same, and thus, the detected trace signal is naturally doubled in comparison with a singledetector scheme of equal responsivity [7] . Moreover, the DC component is rendered close to zero, and so the dynamic range of the detection system can be better exploited.
The benefit of the technique is clear if we now turn our attention to the signal-to-noise ratio. When the sidebands show no common-mode intensity noise, the summation of the two input noises coming from the two detectors (two independent equally-distributed random variables) will lead to an increase of √ 2 in noise. As the trace signal is doubled, the overall result is an increase of SNR of √ 2 [7] . The increase in SNR is much larger when there is any perturbation affecting both bands equally (common-mode noise). Such perturbation will be effectively cancelled by applying BD. Focusing on the particular scope of this letter, the RIN produced by the Raman pumping on the probe, will be equally found both in the upper and lower sidebands, and therefore will be eliminated upon detection.
To explore the improvement given by BD in Raman-assisted configurations, we have developed the scheme represented in Fig. 1 . It is an evolution of a previous first-order Raman assisted BOTDA setup [1] prepared by this group, where the detection part has been modified to include balanced detection.
As in most BOTDA setups, pump and probe waves are developed from a single distributed feed-back (DFB) laser diode. A Mach-Zehnder Electro-Optic Modulator (EOM) is used to make a dual sideband with suppressed carrier (DSB-SC) modulation. The extinction ratio of the EOM is >40 dB, thus it is possible to nearly eliminate the carrier signal. The probe power fed into the fiber is ∼60 μW on each sideband. The modulating frequency of the EOM is controlled through an RF Generator. The RF frequency is chosen to sweep around the Brillouin Frequency Shift of the fiber under test.
At the pump side, the signal is pulsed using a Semiconductor Optical Amplifier (SOA). The SOA allows to shape high extinction ratio (>30 dB) optical pulses. The pulse widths used in the experiment are 20 ns, which implies that the sensor has 2 meter resolution. The pulses are then amplified through an Erbium Doped Fiber Amplifier (EDFA), and their power is controlled through a Variable Optical Attenuator (VOA). After the VOA, their polarization is scrambled by a fast polarization scrambler. Although this scrambler is very fast (5 MHz of scrambling rate), the scrambling of the polarization state is slightly imperfect, leading to some polarization noise in the trace as we will see later. The peak power of the pulses fed into the fiber is ∼10 mW.
An RFL is employed to provide first-order bi-directional Raman amplification to the system, ensuring a sufficient signal level across the fiber. The Raman pump power introduced is ∼240 mW on each propagation direction at a pump wavelength of ∼1455 nm (480 mW total power). Two WDM couplers are used to combine the Raman pumps and the Brillouin signals.
After going through the fiber and experiencing Brillouin Scattering, a band-pass optical filter (BPOF) with a 10-dB bandwidth of 2 nm is used to eliminate most of the amplified spontaneous emission (ASE) noise introduced by Raman amplification, leaving just the two sidebands of interest. The probe sidebands are then separated using a conventional 100 GHz dense wavelength division multiplexing (DWDM) filter. The edge of the filter used is sharp enough to separate both sidebands correctly, attenuating the rejected band in >13 dB. The Brillouin Gain band (Stokes) is fed into the positive port of the balanced detector, and Brillouin Loss band (Anti-Stokes) is fed into the negative port. It must be noted that effective common-mode noise cancellation will occur solely when optical lengths for both sidebands are equal before reaching the detector. Thus, care is taken to ensure that the fiber lengths covered by each sideband after separation are the same.
Ultimately, the BD system employed (Thorlabs PDB410C) will provide three different output signals: the Differential Output (with the signal of interest), and two monitoring outputs, where we will read the DC levels of each of the input signals. The sum of these DC levels will be used to normalize the detected trace and account for possible variations in the probe level [7] .
It must be stressed, for comparison reasons, that this scheme is fundamentally similar to the one developed by our group in [1] except for the use of a balanced detection scheme. 
III. RIN CANCELLATION
We are now ready to take a deeper look at the results obtained with the developed setup. The measurements have been performed over ∼100 km of single-mode fiber (SMF) with an essentially homogeneous Brillouin frequency shift located at 10.865 GHz at the pump wavelength (∼1550 nm). The acquired traces have always been averaged 1024 times.
The first and most remarkable result is that, when acquiring in balanced mode, we accomplished an effective cancellation of the RFL RIN transfer. To evidence this, we performed electrical spectrum measurements of the intensity noise measured in detection, either using conventional (single-sideband) or balanced detection. Fig. 2 shows the electrical spectra of the detected probe wave acquired in both detection setups, for a total Raman pump power of 360 mW (180 mW per each side). In single-sideband acquisition, the RIN transfer is well visible as a set of peaks with a periodic spacing of ∼1.5 MHz. This frequency is given by the inverse of the cavity round-trip time of the primary Yb oscillator in the RFL. As it is visible, these RIN noise peaks are completely eliminated in the balanced detection case [8] . This is an expected result due to the fact that the RIN is common to both the Brillouin Gain (Stokes) and Brillouin Loss (anti-Stokes) bands.
To challenge the noise cancellation limits of our detection procedure, we repeated the same measurement but raising the Raman pump power to 480 mW (240 mW per each side). At this particular power, the RFL used brings a powerful noise peak at 44 MHz. The results are displayed in Fig. 3 . As it is visible, the cancellation of the RIN noise peaks is >15 dB for frequencies below 10 MHz. However, the strong peak at 44 MHz is not cancelled more than 10 dB. Although a significant reduction of noise has also been achieved in this case, complete and perfect noise cancellation has not been achieved. This is due to several setup defects. First of all, the small differences in the optical path lengths (±1 cm in our setup) of the two single sidebands could lead to a small mismatch when arriving to the receiver, and thus, unbalance slightly the noise cancellation at high frequencies. In addition, the master laser source wavelength should be perfectly tuned in order to have exactly the same amount of probe wave detected on each port of the balanced detector. Any minimal error in the process of adjusting these parameters could lead in a non-symmetric separation of Brillouin Gain and Brillouin Loss bands previous to detection which would, once again, cause an imperfect noise cancellation. These non-idealities tend to impact the noise cancellation more severely at high frequencies. Nevertheless, high-frequency noise turns out to be more easily cancelled out in the conventional averaging procedure that is usually done in BOTDA. Hence we can safely affirm that most of the RIN transfer issues can be effectively avoided by using this configuration.
IV. BOTDA MEASUREMENTS
To have a close to perfect RIN cancellation, we set the total Raman pump power back to 360 mW. Using these settings, we performed BOTDA trace measurements over the complete length of 100 km with 2 meter spatial resolution (20 ns pump pulse duration).
To accomplish these BOTDA measurements, a frequency sweep is done from 10.75 GHz to 10.95 GHz. Once the frequency sweep is finished, the Brillouin Frequency Shift (BFS) is obtained by fitting a 2nd order polynomial curve to the raw gain profile, and then finding the position of the maximum of the curve. For each frequency step, only 1024 averages are carried out. Fig. 4 shows a ∼100 km amplitude trace using BD for a pump-probe frequency shift of 10.865 GHz. The trace reveals the imperfect polarization scrambling that was carried out, showing a larger polarization noise in the first kilometers of the fiber under test. The actual measured trace noise is comparable to the trace noise in other Raman-assisted BOTDA experiments over the same distance with 64 times more averaging [1] .
To further verify the performance of the setup as a sensor, a hot-spot is placed in the position of worst contrast of the fiber (around km 75). This is done by immersing ∼2 meters of fiber in a hot water bath. Again, a full frequency sweep is performed to retrieve the Brillouin Frequency Shift change in the position of the hot-spot. The results of temperature change around the hot-spot are visible in Fig. 5 . The process of translating frequency to temperature difference is rather straightforward due to the fact that the relation temperature-frequency is linear (∼ 1°C/MHz). A ∼22°C elevation over room temperature was recorded in the hot-spot location. The system performs properly as a temperature sensor, as the temperature elevation is correctly verified with an external thermometer.
The sensing uncertainty (estimated as the standard deviation of the repeatability in 5 consecutive measurements) around the hot-spot (1000 m window) was ± 2°C. The hot spot is also correctly identified as being ∼2-meter wide.
It is interesting to compare now this setup, in terms of figure of merit (FOM) [9] , with the same setup not using balanced detection [1] . While in [1] the FOM estimated was 108, in the present setup, the FOM has been raised to 500, which implies a fivefold improvement. Therefore, on top of the expected improvement of √ 2 just by using balanced detection, there is an extra improvement factor of 3.5 given by the elimination of the RIN transfer. This highlights the importance of managing RIN in these Raman-assisted BOTDA systems. In terms of RIN removal, it should be noted that the FOM improvement achieved in this case is much better than when using a numerical denoising procedure [10] .
V. CONCLUSIONS
In conclusion, we have presented a method to avoid effectively the RIN transfer problem in Raman-assisted BOTDA sensors. The method is based on using a double-sideband modulated probe (at ±ν B with respect to the pump pulse frequency) and balanced detection among the sidebands to profit from the push-pull effect of the gain and loss traces. The most remarkable feature of this detection scheme, with regards to the Raman-assisted configuration, is that the RIN transfer problem is effectively eliminated (as the Raman-induced RIN is transferred to both sidebands equally). The use of balanced detection in the same Raman-assisted setup implies a fivefold increase in FOM compared to the conventional single-detector option. Moreover, we now have a clear measure of the potential improvement in FOM given by Raman assistance in any BOTDA setup, regardless of RIN noise issues.
We envisage that using this methodology, an almost zero RIN transfer scenario is feasible in most Raman-assisted BOTDA configurations (including second-order). The possible non-idealities of the setup have also been discussed (unequal optical path lengths for both Brillouin Gain and Loss bands, optimal tuning of the laser with respect to the filters, etc.).
